The initial wave of swine-origin influenza A virus (pandemic H1N1/09) in the United States during the spring and summer of 2009 also resulted in an increased vigilance and sampling of seasonal influenza viruses (H1N1 and H3N2), even though they are normally characterized by very low incidence outside of the winter months. To explore the nature of virus evolution during this influenza "off-season," we conducted a phylogenetic analysis of H1N1 and H3N2 sequences sampled during April to June 2009 in New York State. Our analysis revealed that multiple lineages of both viruses were introduced and cocirculated during this time, as is typical of influenza virus during the winter. Strikingly, however, we also found strong evidence for the presence of a large transmission chain of H3N2 viruses centered on the south-east of New York State and which continued until at least 1 June 2009. These results suggest that the unseasonal transmission of influenza A viruses may be more widespread than is usually supposed.
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The recent emergence of swine-origin H1N1 influenza A virus (pandemic H1N1/09) in humans has heightened awareness of how the burden of morbidity and mortality due to influenza is associated with the appearance of new genetic variants (5) and of the genetic and epidemiological determinants of viral transmission (8) . The emergence of pandemic H1N1/09 is also unprecedented in recorded history as it means that three antigenically distinct lineages of influenza A viruspandemic H1N1/09 and the seasonal H1N1 and H3N2 virusescurrently cocirculate within human populations.
Although the presence of multiple subtypes of influenza A virus may place an additional burden on public health resources, it also provides a unique opportunity to compare the patterns and dynamics of evolution in these viruses on a similar time scale. Indeed, one of the most interesting secondary effects of the current H1N1/09 pandemic has been an increased vigilance for cases of influenza-like illness and hence an intensified sampling of seasonal H1N1 and H3N2 viruses during the typical influenza "off-season" (i.e., springsummer) in the northern hemisphere. Because the influenza season in the northern hemisphere generally runs from November through March, with a usual peak in January or February, influenza viruses sampled outside of this period are of special interest.
The current model for the global spatiotemporal dynamics of influenza A virus is that the northern and southern hemispheres represent ecological "sinks" for this virus, with little ongoing viral transmission during the summer months (9) . In contrast, more continual viral transmission occurs within the tropical "source" population (13) that is most likely centered on an intense transmission network in east and southeast Asia (10) . However, the precise epidemiological and evolutionary reasons for this major geographic division, and for the seasonality of influenza A virus in general, remain uncertain (1, 4). Evidence for this "sink-source" ecological model is that viruses sampled from successive seasons in localities such as New York State do not usually form linked clusters on phylogenetic trees, indicating that they are not connected by direct transmission through the summer months (7) . Similar conclusions can be drawn for the United States as a whole and point to multiple introductions of phylogenetically distinct lineages during the winter (6), followed by complex patterns of spatial diffusion (14) . However, despite the growing epidemiological and phylogenetic data supporting this model, it is also evident that there is relatively little sequence data from seasonal influenza viruses that are sampled from April to October in the northern hemisphere. Hence, it is uncertain whether extended chains of transmission can occur during this time period, even though this may have an important bearing on our understanding of influenza seasonality.
To address these issues, we examined the evolutionary behavior of seasonal H1N1 and H3N2 viruses as they cocirculated during a single time period-(late) April to June 2009-within a single locality (New York State). Not only are levels of influenza virus transmission in the northern hemisphere usually very low during this time period, but in this particular season the human host population was also experiencing the emerging epidemic of pandemic H1N1/09.
MATERIALS AND METHODS
Sequence data. The New York State sequence data for the seasonal specimens were identified by the influenza virus surveillance program and the genome amplified directly from the swab specimen (16) at the Wadsworth Center, New York State Department of Health. Genome sequence data was generated at the J. Craig Venter Institute for the Influenza Genome Sequencing Project and are freely available on GenBank from where they were downloaded. A number of procedures were used to minimize the possibility of contamination. Portions of primary clinical specimens for molecular analysis, including those for wholegenome sequencing, were divided into aliquots and lysed in an accessioning room located far from the culture facility, and forwarded directly to the extraction laboratory. Once there, they were handled in a separate biosafety cabinet from cultured isolates and extracted on automated nucleic acid extractors dedicated to primary samples that are never used to extract cultured isolates. In addition, negative extraction controls were included on every run to check for carryover of contaminating material, and the negative extraction controls contained carrier nucleic acid to ensure that even extremely low levels of contamination would be carried through and be detectable in the subsequent assay. The entire workflow is unidirectional and staff were not permitted to return to the accessioning or other 'clean' areas. For the multisegment reverse transcription-PCR amplification, the RNA was isolated in clean rooms and using equipment dedicated to preamplification procedures. No template controls were included in both the RNA extraction and genomic amplification procedures to ensure that amplification was specific to the respective specimens.
For H1N1 we obtained seven new sequences sampled between 27 April and 26 May 2009 from five different counties in New York State. For H3N2, a larger sample of 41 viruses was obtained between 27 April and 1 June 2009 and representing 20 different counties, although predominantly from the southeast of the state (Duchess, Nassau, Orange, Putnam, Ulster, and Westchester counties). These sequences were compared to all those global H1N1 and H3N2 sequences available on GenBank and covering the years 2008 and 2009 (although most of the "background" viruses are also sampled from the United States) and for which the exact day of sampling was available. Because of the very large number of background HA1 and NA gene sequences available for these viruses, which are therefore more representative, our analyses focused on these gene segments. This resulted in data sets of the following size: seasonal H1N1 HA1 ϭ 652 sequences, 1,050 nucleotides (nt); NA ϭ 365 sequences, 1,410 nt; H3N2 HA1 ϭ 1,258 sequences, 1,040 nt; and NA ϭ 375 sequences, 1,407 nt. Because of the lack of insertions and deletions all sequence alignments were undertaken by hand using the SE-AL program (kindly distributed by Andrew Rambaut).
Phylogenetic analysis. Phylogenetic trees were first inferred using the maximum-likelihood (ML) method available in the PHYML package (2) and using SPR branch-swapping. In all cases, the GTRϩ⌫ 4 model of nucleotide substitution was utilized. We also performed PHYML analyses using the simpler HKY85ϩ⌫ 4 substitution model and recovered tree topologies that contained the same major groupings with respect to the New York State viruses (which are the only phylogenetic patterns of interest in the present study). To further assess the robustness of our analyses, we undertook an additional phylogenetic analysis utilizing the ML approach available in the GARLI package (15) , adjusting the run length parameter (to 100,000 steps) to improve the search quality. This analysis again made use of the GTRϩ⌫ 4 substitution model. Because of the similarity of the resulting phylogenies, only those generated by PHYML are shown here. Finally, for all data sets, a bootstrap resampling procedure was undertaken using 1,000 replicate neighbor-joining trees and the parameter settings for the GTRϩ⌫ 4 model of nucleotide substitution determined in PHYML. This analysis was undertaken using the PAUP* package (12) . All relevant parameter values for the analyses described above are available from the authors on request.
RESULTS AND DISCUSSION
Seasonal H1N1. Because of the very small size of the seasonal H1N1 data set sampled from New York State (n ϭ 7) from April to May 2009, few strong conclusions could be drawn on the overall molecular epidemiology of this virus in this population. However, it is clear that all but two of the HA1 sequences from New York State fall into disparate locations on the phylogenetic tree, suggesting that they represent independent entries into this population and for which there has likely been no significant onward transmission (Fig. 1) . A similar pattern is observed in the NA phylogeny (see Fig. 1, asterisk) . Such close clustering is compatible with the hypothesis that these viruses are linked by a direct chain of transmission. However, it is also noteworthy that these viruses are characterized by relatively long branch lengths (in marked contrast to the H3N2 transmission cluster described below), which may be indicative of multiple unsampled links within the New York State transmission chain, independent entries from other locations, or greater antigenic diversity which may in turn increase the possibility of transmission. Similarly, it is notable that all seven newly sampled New York State viruses are closely related to viruses sampled in the early months (January to March) of 2009 in the United States, most notably the isolate from Massachusetts. It is therefore possible that despite their diverse phylogenetic locations, these viruses have also been transmitted within the greater U.S. population to at least the end of April. Clearly, a greater sampling of viruses from multiple locations is needed to confirm this hypothesis.
Seasonal H3N2. As with H1N1, our analysis of the H3N2 virus population from April to June 2009 reveals that there have again been multiple entries of the virus into New York State, reflected in the presence of distinct clusters of viruses on both the HA1 (Fig. 2) and NA (see Fig. S2 in the supplemental material) phylogenies. The most striking result, however, is the presence of a cluster of 21 very closely related viruses that was sampled over a time period of 5 weeks from 27 April to 1 June 2009 and characterized by very short branch lengths (including predominantly identical sequences). That all but one of these viruses was sampled from six adjacent counties in the most populous south-east region of New York State strongly suggests that they have been sampled from a direct chain of transmission ( Fig. 2b and c) . Importantly, this putative transmission cluster was observed in both the HA and the NA phylogenies. In addition, the strict quality controls in place at the Wadsworth Center and the fact that members of this cluster were extracted at different times makes cross-contamination highly unlikely. That a single member of this cluster was sampled from Tompkins county in central New York State suggests that this transmission chain may extend even further in time and space. Indeed, that an additional 13 viruses fall very close to the transmission cluster in all phylogenies, being separated from the main cluster by other U.S. viruses (Fig. 2) , supports the notion that this transmission chain is widespread. A second possible transmission cluster concerns two viruses (A/New York/3104/2009 and A/New York/3280/2009) sampled on 29 April and 3 May in Wyoming and Orange counties, respectively. Although this cluster contains only two isolates, and from counties that do not share a border, the sequences in question are identical, which again suggests that they form part of a larger transmission chain.
The intense interest in pandemic H1N1/09 has ignited an extensive program of surveillance for influenza-like illness and genome sequencing. This has enabled us to detect, for the first time, the extended transmission of seasonal influenza A virus during the influenza "off-season" in the northern hemisphere. Although most lineages of influenza virus undoubtedly die-off TRANSMISSION OF H3N2 VIRUS DURING THE H1N1 PANDEMICduring the summer months, so that the influenza epidemics that occur during any specific season are most likely caused by the seeding, each winter, of viruses ultimately derived from a global reservoir population, our study clearly shows that the onset of spring in the northern hemisphere does not necessarily spell the immediate end of virus transmission: that at least 21 viruses (and likely many more) sampled across 5 weeks in seven counties form a tight monophyletic group in the H3N2 phylogenies represents strong evidence that influenza A virus has been transmitted in the population for at least this period. In addition, our phylogenetic analysis reveals that multiple lineages of H1N1 and H3N2 also circulate during the influenza off-season, again illustrating how influenza A virus is easily able to exploit human contact networks. The remaining question is whether such unseasonal transmission will produce a chain long enough that it enables the virus to persist from epidemic to epidemic; that is, to survive the entire summer period? From the large-scale phylogenetic data presented to date there is no strong evidence for such extended transmission, as lineages of viruses sampled from successive influenza seasons tend not to cluster together (7) . More generally, the observation of the unseasonal transmission of H3N2 (and perhaps H1N1) may have implications for our understanding of the causes of seasonality in influenza virus. In particular, that the virus is able to establish transmission networks in the warmer and more humid months of late April to June in New York State indicates that the virus is able to spread in what may be suboptimal climatic conditions (3, 11) if a sufficient number and density of susceptible hosts is available. Although the spring and summer of 2009 was highly unusual in that H1N1/09 as well as seasonal influenza viruses cocirculated in the U.S. population, summer waves of influenza virus transmission are often observed during pandemics. We therefore suggest that the more intensive sampling of influenza virus genetic diversity during the summer months in the northern hemisphere may represent a useful additional way to explore the issues that underpin the distinctive seasonality of influenza A virus.
